In this paper we show that angle ply laminates are eminently practical for critical applications such as aircraft wings. The design methodology developed in the paper is relatively simple. It also lends itself automated construction and will likely lead to organic structures, which mimic natural ones.
INTRODUCTION
Angle ply laminates have not hitherto been seriously considered for structures bearing significant loads, such as aircraft wings and tail sections etc., electricity generating windmills, boat hulls and so on. This is partly because nearly all the books on the subject accept implicitly or explicitly some early results due to Tsai [1, 2] which purported to show that they are not strong enough. Fig 1 shows Tsais results for off-axis unidirectional laminates and angle ply laminates superimposed. A cursory glance at the figure will suggest that there may have been a problem with the experiments.
There are several equations (maximum stress, Tsai-Hill, Tsai-Wu, etc.), which embody these results and form the basis for computer design software. Fortunately, they are highly inaccurate when applied to angle ply laminates. (Recently a program has been started to test to the burgeoning theories, which relate to laminate strength. The limited data available, however lends little confidence in the predictive values of the majority of the theories [3] ). These laminates can be extremely strong [4] and tough [5] , strongly resisting all failure modes except delamination, and perform even better under biaxial stresses [6] . Balanced laminates should be used (these are symmetrical about the mid-plane) to avoid problems with twisting, Furthermore, the advent of fibre placement machines has made it easy to construct angle ply laminates on moulds with flat and hollow areas that are not suitable for filament winding. These versatile machines allow for the build up of the laminate using different fibre orientations in different places, as well as variable thicknesses. Thus the composite can be organically grown to suit the exact requirements of the end use.
In this paper we will set out the evidence in favour of these laminates, and introduce simple governing equations that can be used for design.
STRENGTH
Careful examination of Fig. 1 shows that the measured moduli of angle ply laminates and offaxis unidirectional laminates are substantially the same for any given ply angle, ö. This is in marked disagreement with classical laminated plate theory (LP theory). Since there is general agreement that the LP theory works very well for laminates, there surely has to be something wrong with the experiments, since they give low results for the angle ply samples.
This being so, the strength results are also open to doubt. This doubt turns to near certainty when Presented at COMP03 Conference, Corfu-Greece M. R. Piggott results from filament wound tubes are examined.
Wound with glass-epoxy at ±55º (which is equivalent to an angle ply laminate with ö = 35º for a tube under hoop stress) the hoop strength is about 600 MPa [6] . Tsais result for this ( Fig. 1 ) is in the region of 12 ksi (equivalent to about 85 MPa). Even allowing for improvements in fibre quality since 1965, this seems an unduly low result.
Recent work using newly developed test methods confirm the high strength of the ±35º balanced angle ply laminate. Fig. 2 compares the results
Fig. 2:
Strengths of carbon-epoxy angle ply laminates, when tested with different gauge lengths and geometries, compared with theoretical values determined using the Tsai-Wu criterion [6] .
from 43mm wide 20mm gauge length specimens with those of other geometries, including the ASTM D3039 specimen [7] . For [±30º] s the strength of the 43mm wide specimen is about 800 MPa. Closely similar results have been obtained with glass [4] , and an increase in angle by 5º will only decrease the strength by about 100 MPa.
There is little data on the compressive strength of angle ply laminates, though tests in our labs show that if anything, they are stronger than in tension.
STIFFNESS
New testing methods are needed to measure the elastic properties of angle ply laminates. We have already pointed out the low results obtained by Tsai, who used a 4.6 mm wide sample, with a gauge length of 63.5 mm. Fig. 3 shows that even the ASTM D3039 standard fails to give the correct values for the Youngs Modulus of angle ply laminates. The lower curve in this plot is given by LP theory for uniaxial stress and no lateral restraint, and is thus a lower bound
The results with the 20 mm long samples, and those from tests on tubes under internal pressure [8] , provide our basis for confidence in LP theory, as applied to angle ply laminates.
TOUGHNESS
New testing methods are also needed for measuring the toughness of angle ply laminates. The ASTM E1922 standard appears only to be suitable for quasi isotropic laminates, and because of this, the short wide test specimen philosophy has been applied to angle ply laminates. Thus 43 mm wide specimens with a gauge length of 20 mm were tested [5] : see Fig. 4 . As can be seen in the figure, the estimated toughness (by interpolation) for a [±35º] s carbon-epoxy laminate is about 75 MPa This is about 50% higher than the value for the quasi isotropic laminate value of about 50±10 MPa m ½ , indicating that the toughness of this angle ply laminate is adequate.
However these laminates show the expected poor delamination resistance 100 kJm -2 is typical: a full discussion appears in [9] .
DESIGN PROCESS
The major design driver is the stiffness. We will assume biaxial stresses, and to make the process as general as possible, let the Minor Principal Stress be a multiple á of the Major Principal Stress. We set the Principal (x) Axis in the direction of the Major Principal Stress.
The equations for balanced angle ply laminates are relatively simple, thus for example
where the LM 4 are the reduced transformed stiffnesses [7] .
The strains are:
with the shear strain being zero because we are considering the Principal Stresses.
Eliminate [ s and \ s between Equations (4) and (5) 
where b is a parameter that allows us to set the y strain independently of the x strain. This gives an equation that enables us to evaluate the ply angle, given any values of a and b :
Suppose, for example, that we are designing an aircraft wing for a strain, which at any particular point on the laminate, is not to exceed 0.2%, for a load P = 10,000 kg per unit width in the x direction at that point. The corresponding load in the y direction, aP, is expected to be 3000 kg. We can design for equal strains in the two directions, i.e. b = 1 and we have already set a= 0.3.
First we solve Eq. (7) by iteration using Equations (2) and (3) o , accurate within about 0.1% for the carbon-epoxy material shown in Fig. 3 . (E 1 = 150 GPa, E 2 = 9 GPa, G = 6 GPa and v 12 = 0.27.) From Eq. (4) we can now determine the stresses, since for ö = 25. divided by the stress, and comes to 0.39 mm. We notice that the maximum stress is well below the strength, which is close to 1 GPa, Fig 2. Since these materials are stronger under biaxial stresses [6] , the small s y stress will be easily accommodated.
Using the organic composite approach, we can thus build up our wing, area by area, based on local loads expected. (Nature does this, as can be seen by examining the cellulose fibres in trees.) Suppose for example, another part of the wing has to withstand loads such that the Maximum Principal Stress is twice the Minimum Principal Stress, and that the strain in the minimum stress direction should be vanishingly small. Thus a = 0.5 and b = 0. If the same carbon-epoxy is used, and employing the same procedure as before, we find that ö = 37. 
DISCUSSION
Angle ply laminates are not only potentially strong and tough, but as we have shown here, are remarkably easy to design. All that is required is to solve a simple equation, using, as background, the CL theory equations. These, moreover, assume a particularly simple form for angle ply laminates. The whole process, including programming a hand-held computer, can be carried out in a day or less for a hundred regions on a structure which has to endure different loads in different parts, such as an aircraft wing.
Thus, the main work can be concentrated on evaluating the loads which are expected to be encountered in the dynamic use of the structure. This, of course, should be the first step in any design, and failure to adequately predict dynamic loads can be an important factor in part failure in
Structural design with angle ply laminates why and how Finally, the advent of fibre placement machines makes possible the building of structures by an organic type of process. They are sometimes not as efficient at consolidation, leading to marginally poorer strengths, but the fibres can be laid in whatever directions are required by the design, in the thickness required and at the place specified. Openings can be built in as needed, and holes for joints reinforced (even by circular winding as can be found in natural products such as wood) if necessary. The whole process lends itself to computer control, so that it can be made highly efficient.
CONCLUSIONS
We have shown that design with angle ply laminates is basically very simple, and furthermore, lends itself to a construction process which simulates that occurring naturally. We believe that this will be a main contributor to twenty-first century technology.
